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ABSTRACT
Magnetohydrodynamics in Microchannels and Adhesion Properties 
of Nanoporous Alumina Films
by
Hussameddine Kabbani
Dr. Brendan O ’Toole, Examination Committee Chair 
Assistant Professor o f Mechanical Engineering 
University o f Nevada Las Vegas 
and
Dr. Biswajit Das, Examination Committee Chair 
Professor o f  Electrical Engineering 
University o f  Nevada Las Vegas
In the first part o f this dissertation, RedOx-based magnetohydrodynamic (MHD) 
flows in three-dimensional (3D) microfiuidic channels are investigated theoretically with 
a coupled mathematical model consisting o f the N emst-Planck equations for the 
concentrations o f  ionic species, the local electroneutrality condition o f  the electric 
potential, and the Navier-Stokes equations for the flow field. The induced currents and 
flow rates in 3D planar channels are compared with the experimental data obtained from 
the literature and those obtained from the previous two-dimensional mathematical model. 
Then a new approximate closed form solution for the velocity profile o f  steady 
incompressible MHD flows in a rectangular micro-channel is proposed. It can be used to 
optimize the dimensions o f  the channel and to determine the magnitudes and polarities o f 
the prescribed currents in MHD networks so as to achieve the desired flow patterns and 
flow rates.
Ill
In the second part o f the dissertation, the adhesive properties o f thin nanoporous 
alumina templates are investigated. Such templates are important in fabricating an array 
o f nanopores that will be used in the “Lab on a Chip” technology
IV
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CHAPTER 1
INTRODUCTION
1.1 Background
Biological applications in engineering are becoming an interesting field o f study 
for different research groups. The applications vary from circulating blood samples, 
testing biological samples, and detecting the presence o f DNA and RNA chains (Jensen, 
1999; Legally et al., 2001; Yang et al., 2002; Yamamoto et al., 2002; Prinz et al., 2002; 
Galanina et al., 2003; Carlo et al., 2003; Verpoorte, 2002; and Huikko et al., 2003).
To perform such operations a new technology has flourished. This technology is 
called Lab-on-a-Chip (LOC). LOC can handle many procedures done in real labs such as 
filtering, mixing, and separating. Such processes have been investigated recently by 
Boedicker et al. (2008) who designed and fabricated a novel LOC to detect bacteria and 
Terao et al. (2008) who tested a LOC device to detect single chromosomal DNA.
LOC is composed from a network o f micro or nano channels, so minute samples 
such as blood and saliva w on’t be diluted. Based on this fact, the design process for LOC 
faces two challenges: creating circulation within the channel and fabricating it in order to 
withstand huge forces.
Micro and nano channels need huge pumping force due to the fact that body 
forces increase rigorously at small dimensions. To overcome the pumping problem, many 
groups imposed, studied, and designed different methods to create flows within the 
channel.
Nittis et al. (2001) designed and fabricated a pressure gradient micropump. This 
pump depends on the pressure gradient developed between the inlet and outlet o f  the 
channel. This method was expensive and unreliable.
The idea o f  using electrokinetic forces to pump the fluid in minute channels has 
been recently investigated. There are two important methods to pump the fluid using 
electrokinetic means: electroosmosis and electrophoresis.
In electroosmotic flow, the flow is basically initiated by the formation o f an 
electric double layer between the surface o f the conduit and the electrolyte solution 
within. Usually, the surface o f the conduit is charged. Ions will migrate from the 
electrolyte solution towards the oppositely charged wall. By applying a potential 
difference across the inlet and outlet o f the conduit, the ions will flow to the oppositely 
charged electrode and transfer this motion to the inner layers o f  the fluid by shear forces 
and thus creating a flow.
In electrophoretic flow, charged particles are attracted to oppositely charged 
electrodes. Their motion drags fluid layers, thus, creating a flow. Many groups used 
electrokinetics to utilize a flow within the microchannel (Jacobson et al., 1994; Bums et 
al., 1998; Anderson et al., 2003; Weigl et al., 2003; and Qian et al., 2006). It was proved 
that this method needs high potential field to operate and gives relatively low flow rates.
RedOx magnetohydrodynamics (MHD) is becoming one o f the most important 
means to pump fluid in microchannels since it is highly reliable, doesn’t need any 
external moving parts, and works under low voltages (Lee et al., 2000; Ban et al., 2000; 
Ban et al., 2002; Ghaddar et al., 2002; W est et al., 2002; Ghaddar et al., 2003; and Lijkel 
et al., 2004).
RedOx MHD is a technique that depends basically on creating a propulsive 
Lorentz force within the fluid itself (Henry et al., 1999; Reyes et al., 2002; and Haswell et 
al., 2003). This force will balance the pressure gradient and the viscous forces within the 
channel. The velocity profile in RedOx MHD flows is parabolic based on the 
assumptions that the flow is fully developed, steady state, and the fluid is incompressible. 
Figure 1.1 shows the velocity profile for RedOx MHD flow within a microchannel.
\  \  \
Figure 1.1: The velocity profile o f MHD flows in microchannels.
A pair o f electrodes must be installed on the opposite walls o f the micro conduit 
to create a Lorentz force. Those electrodes are connected to an electric potential field.
Current flow will be originated between the two electrodes. This flow should be 
maintained by the presence o f electrolyte solution. The interaction between the current 
flow and magnetic field will create a force that is perpendicular to both vectors. Figure
1.2 shows the interaction between the magnetic field and the induced current. Applying 
the right hand rule, the flow direction will be deduced.
M agnetic  F ie ld
C u rren t D ensity
E lec tro d es
Figure 1.2: The interaction between the magnetic field and the induced current.
Pumping fluids using RedOx MHD has unique advantages: it is an inexpensive 
technique, it needs low potential field, it doesn’t need any moving parts, it pumps high 
mass flow rates, it is reliable, it consumes less power, and the flow can be controlled 
easily (Qian et al., 2005; Homsy et al., 2005; and Anderson et al., 2006).
There are two draw backs for RedOx MHD flows. One o f them is that, when high 
voltages are applied, the current will increase. As current increases in the presence o f
ions, electrolysis process will start, and thus bubbles will be created and the flow will be 
retarded (Leventis et al., 2002)
Secondly, the electrodes have short life span, so they must be replaced 
occasionally (Qian et al., 2005). Table 1.1 shows the comparison between MHD and 
other pumping methods.
Table 1.1: Comparison between MHD and other pumping techniques
MHD Other Pumping Means
1- Inexpensive 1- Relatively Expensive
2- Operate under low voltages 2- Needs high voltages
3- The flow can be controlled easily 3- The flow is difficult to controlled, 
also, loop circulation is impossible to 
be obtained
4- Easy to design 4- M any constraints that will affect the 
design
Many researchers were able to construct and develop micropumps that work with 
the principle o f MHD. Jang et al. (2000) fabricated a micropump that works under low 
voltages. Lem off et al. (2000) fabricated a sensor that is used to control the RedOx MHD 
pumping process. RedOx MHD micropumps could operate under either direct-current 
(DC) or alternating-current (AC). Table 1.2 shows the difference between both methods.
Table 1.2: The advantages and disadvantages of DC and AC MHD
Method Advantages Disadvantages
DC MHD 1 - Low power Consumption
2- Inexpensive
3-Flow can be controlled 
easily
1- Short Electrode Life
2- Bubble Generation
AC MHD 1- Long electrode life
2- No bubble generation
1-Induction o f eddy 
currents
In addition to fabrication, many groups tried to present a mathematical model for 
RedOx MHD flow in microchannels (Bau et al., 2001; Ban et al., 2003; Glesson et al., 
2004; and Qian et al., 2005).
They considered the model as a 2D model and they were able to solve it 
numerically. The model consists o f  solving the Navier Stoke equation and the N em st 
Planck equation.
In this work, the 2D RedOx MHD model is taken one step further by considering 
the full 3D model. The effect o f the different physical variables contributing in this
model will be studied and analyzed. The inter relationship between those variables are 
mentioned and discussed. Then a closed form solution that will aid in the MHD LOC 
designing process will be derived and validated.
The previous mentioned work was conducted on micro channels. W hen the study 
and experimentation were performed on nano channels, it was found out that nano 
channels were not able to withstand the force created by MHD means. Also, it was found 
out that there is no published method to create a single nanopore. So, in the second part 
o f this dissertation, light will be shed on the material selection to fabricate the LOC in 
nano channels.
The material should have special mechanical, electrical, and chemical properties 
(Kikutani et al., 2002; Hulme et al., 2002; Wang et al., 2004; Chen et al., 2004; and Wu 
et al., 2004). Table 1.3 states the vital properties to be considered for the selection o f the 
LOC fabrication material.
Many groups have considered different materials to manufacture channels in 
LOC. Hofmann et al. (2001) used polydimethylsiloxine to fabricate a 3D sheath flow 
channel. He was able to have a device that resists corrosion with a sheath to sample flow 
rate ratio o f 20 but the channel was not able to resist strong forces.
Jeong et al. (2001) used an insulated silicon substrate to fabricate channels. 
Although this substrate was able to operate under high temperature, silicon is a bad 
conductor o f  electricity and has poor electric properties.
Tuomikoski et al. (2002) took advantage o f the good properties o f the silicon 
substrate and ionized the substrate before manufacturing the device. This development 
enhanced the electrical properties o f  the substrate.
Table 1.3; Properties considered while fabricating LOC and their advantages
Type of Property Property of he fabricating Material Field of Application
Electrical
Dielectric Electroosmotic Flow
Uniformly distributed Charge Diffuso electroosmotic flow
Good Conductor Magnteohydrodynamics
Chemical
Anti-corrosive With fluids containing highly 
oxidizing agents
Doesn’t react with acids In applications where acids are 
encountered
Resists Chemical Reactions In applications where multi­
phase ions are encountered
Temperature
Must operate under variable 
temperatures
DNA detection and synthesis
Mechanical
Highly adhesive In applications with large 
pumping forces
Resists Fatigue In applications that require 
high reliability
High tensile strength Overcoming large forces and 
pressure gradient developed 
across the walls of the channel
Yamamoto et al. (2002) used polydimethylsiloxane glass as a substrate and added 
a temperature control sensor. This device has very good electrical properties such as 
conductivity. Khademhosseini et al. (2004) fabricated channels using a polyethylene 
glycol microstructure. This device had a high reliability and life span due to the fact that 
polyethylene glycol can resist corrosion, but it was not able to withstand relatively high 
velocities.
Recently, many groups are using anodized alumina substrates to manufacture 
channels and nanopores ( Zhu et al., 2005; Garcia-Vergara et al., 2006; Cheng et al., 
2006; Lee et al., 2007; Lee et al., 2008). The advantage o f anodized alumina substrate 
over any other fabricating material is that it can resist corrosion and suitable for 
applications where the fluid has either basic or acidic properties. In addition, alumina 
substrates are good conductors o f electricity so it is suitable for MHD and electrokinetic 
flows.
One o f  the important things to investigate is the mechanical properties o f 
anodized alumina substrates. The anodization process, which is affected by variables 
such as the type o f acid used and the current applied, can greatly affect the mechanical 
properties o f  the substrate under study. Table 1.4 shows the advantages and 
disadvantages o f anodized alumina substrate.
Table 1.4: The advantages and disadvantages of anodized alumina substrate
Advantages Disadvantages
1- Can be easily electrically charged 1- Design Limitations (Fluid volumetric 
flow rate)2- Inexpensive to fabricate
3- High reliability
4- Anti-corrosion 2- Many variables in the anodization 
process that must be controlled5- Can operate under various 
temperatures
6- High life span
7- Can resist stresses
W hen aluminum substrate is oxidized under constant potential difference, the 
surface o f  the aluminum layer will be covered by a fine nanoporous oxide layer. Figure
1.3 shows the alumina substrate after anodization.
Nanoporous Alumina 
Thin Film
Substrat»
Figure 1.3: Alumina thin film after anodiation
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There are two methods used in anodizing nanoporous alumina substrate. One o f 
them is mild anodization (MA). This process is slow, expensive, and difficult to build (Li 
et al., 1998; Nicewamer-Pena et al., 2001; and Lee et al., 2002). The second one is hard 
anodization (HA). This process is relatively fast compared to M A (Lichtenberger-Bajza 
et al., 1960; and Csokan et al., 1962). The HA process is performed under certain 
conditions: low temperature (chillers to cool the acid must be used), high potential 
difference, and the usage o f special acids (Murphy et al., 1961; Takahashi et al., 1973; 
Fumeaux et al., 1989; and Li et al., 2006). The difference between MA and HA is stated 
in Table 1.5.
Table. 1.5: Comaprison between (MA) and the Hard Anodization (HA)
Method Advantage Disadvantage
M ild Anodization
1- Self-ordered nanopores
2- Smaller nanopore size
3- Lower temperatures
1- Very Slow Process
2- Low Reliability
3- Thinner Substrates
Hard Anodization
1- Fast Process
2- High Reliability
3 - Inexpensive
1- Bigger Nanopores
2- Disordered nanopores
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To improve the mechanical properties o f AAO nanopores, a new technique has 
been implemented. It was found that changing the applied potential and the acid used will 
change the distribution and dimensions o f the nanopores. Changing those two variables 
will lead to a change in the mechanical properties o f  the substrate. Changing the 
mechanical property o f  any substrate will change the classification o f each sample and its 
area o f  application (Parkhutik et al., 1992; Ostrowski et al., 1999; Xia et al., 2004; 
Habazaki et al., 2004; Zhu et al., 2005; Gras et al., 2006; and Garcia-Vergara et al., 
2007).
The anodization apparatus is easy and inexpensive to build. An alumina sample 
must be placed on the anode and a platinum substrate is placed in the cathode. Both 
electrodes are depicted in a beaker filled with acid. The electrodes are connected to a 
power supply: the voltage applied varies from 30V to 120V based on the acid used. The 
acid must be maintained at room temperature so a chiller must be installed. The chiller 
will aid in cooling the acid within the apparatus by convection means (Jessenky et al., 
1998; Haruyama et al., 2001; Zhou et al., 2001; and Choi et al., 2003).
The current produced will etch the outer surface o f the alumina substrate thus 
revealing the nanopores. The increase in timing will allow producing uniformly 
distributed nanopores with fine pore diameter. As time increases, the current will start 
dissolving the inner parts o f  the alumina substrate thus the anodization process should be 
stopped.The anodization process has an effect on the adhesive properties o f  the channels 
and nanopores produced. It is interesting to investigate the effect o f  the anodization setup 
on the fabricated nanopores.
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1.2 Dissertation Structure
This dissertation is divided into two parts: in the first part, the RedOx MHD flow 
in microconduits will be studied. The relationship between the different contributing 
parameters (chapter 2) contributing in this flow will be investigated also. Also, a closed 
form solution will be imposed. It will act as a designing tool that will facilitate the 
calculation o f  the mean flow velocity within the microchannel (chapter 3).
In the second part o f the dissertation, a study on the adhesive properties o f  AAO 
nanopores is performed. The effect o f changing the anodization setup on those properties 
will be further investigated (chapter 4).
In chapter 5, the conclusions will be drawn concerning our work and future plans 
will be proposed.
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CHAPTER 2
IMPLEMENTATION OF A THREE DIMENSIONAL REDOX 
MAGNETOHYDRODYNAMICS MODEL IN 
MICROFLUIDIC CHANNELS
2.1 Introduction
In this chapter, a model for RedOx MHD flows in 3D microchannel will be 
implemented and studied. As mentioned previously, Lorentz force is the pumping force in 
RedOx MHD flows. It is produced by the interaction between magnetic and electric 
fields.
Magnetic fields are produced by either permanent magnets (continual magnetic 
field) or electromagnets (magnetic field is produced by inductance due to current flow). 
The difference between both types o f magnets is that in permanent magnets there is no 
heat produced while in electromagnets there is heat dissipated due to current flow. Anther 
note to be considered is that usually the magnetic field produced by permanent magnets is 
stronger than that produced by electromagnets.
The electric field is produced by installing a pair o f electrodes on the opposite 
walls o f the microchannel under study. Those electrodes can be fabricated from good 
conducting material such as: gold sheets or aluminum sheets. This pair is connected to a 
power supply that can control the voltage and/or the current input. They can be either 
direct (time independent) or alternating (time dependent).
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Since the current input and the polarity o f the electrodes can be controlled, then 
the flow magnitude and direction can be controlled as well. For this reason, RedOx MHD 
is superior over all other flow means.
The term RedOx refers to the reduction and oxidation reaction that occurs on the 
opposite electrodes. As known, the fluid within the channel contains electrolyte ions. The 
current supplied by the electrodes will allow opposite ions to consume or release 
electrons. Usually the governing chemical equations are:
+  e ~
- g -  ^
The first equation is the reduction equation whilst the second one is the oxidation 
reaction. The process o f consuming and releasing electrons will enhance the current flow 
between the pair o f electrodes.
The model consists o f studying the flow within the channel: continuity equation 
and Navier-Stokes equations. The physical representation o f the Lorentz force in the 
Navier Stoke equation is JxB. B  is the magnetic field magnitude and J  is the faradic 
current density. This current depends on the electrolyte concentrations within the channel 
and it is found by solving the Nemst-Planck equation which consists o f the migrative, 
diffusive, and conductive terms. As known, the conductive term depends on the velocity 
profile. Thus, it is clear that the model is coupled and can’t be solved without the aid o f 
commercial software. By applying the appropriate boundary conditions, this 3D model is 
solved. The power o f such a model lies in the fact that it resembles the actual flow within 
any channel. This model will be validated by comparing it to experimental data obtained 
from the literature.
15
2.2 Mathematical Model
The numerical model o f the problem presented above is divided into two main 
parts: the first one is solving for the velocity profile within the microchannel. This is done 
by considering the continuity and Navier-Stokes equation. The second one is solving for 
the faradic current within the microchannel which is done by considering the N em st 
Planck (N-P) equation. N-P equation solves for the concentrations o f  both: electroactive 
species (those that goes through the RedOx reactions) and inert species (those that don’t 
encounter RedOx reactions). In this work, the electroactive species are ferric and ferrous 
cyanide ions, while the inert species are potassium ions. It is important to mention here 
that the quasi-reversible RedOx reactions occur on the electrode surface.
This model was suggested with the help o f Dr. Shizhi Qian. The schematic o f  this 
problem is extension from 2D to 3D o f the model presented by Qian et al 2002. It 
consists o f rectangular micro conduit whose length, width, and height are L, W, and H 
respectively.
At this moment, the coordinate system to be used must be determined. It will be 
Cartesian with x, y, and z acting as the principal axis. The origin will be located at one o f 
the conduits comers. The dimensions o f  the conduit should satisfy the following 
relationship: 0 ^ ^ ,  0<y<W, and 0 ^ ^ .
To create a potential difference, a single pair o f electrodes is deposited on one o f 
the conduits opposite walls. The length o f the electrode will be taken to be L e. The 
distance from the origin to the edge o f the electrode is L] such that (L i^ ^ ] + L e, 0 ^ ^ ,  
y^O  and W  respectively). It should be mentioned here that the walls o f the conduit that are 
not covered by the electrodes, are considered to be dielectric. Figure 2.1 schematically
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depicts the three-dimensional, straight, microconduit with electrodes deposited along the 
opposing walls. The conduit is filled with a dilute quasi-reversible RedOx electrolyte 
solution.
Flow
z
H
Figure 2.1: Schematics o f a three-dimensional microconduit
As known, the imposed potential difference initiated and maintained by the 
electrodes deposited on the opposite walls o f  the micro conduit, will introduce an electric
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current whose density is J. The conduit will be placed in a uniform magnetic field with a
magnetic flux density B = in the positive (z) direction (ê^ is a unit vector in the z-
direction). The interaction between both the current density J and the magnetic field B 
will produce a Lorentz force Jy-B.
2.2.1 The Mathematical Model for the Fluid Motion 
The continuity and the Navier Stokes equation will shed light on the relationship 
between both the pressure gradient and the Lometz force and the velocity field within the 
conduit:
V » u  = 0 (1)
and
/?u«V u = J x B - Vp + //V ^ u  (2)
Equation (1) and (2) are based on the assumptions: i- The fluid is incompressible 
and ii- steady state flow.
In the above, ^  is the pressure; p  and p  donates the liquid’s density and viscosity
rspectively; and u = is the fluid's velocity with u, v, and w  are the
velocity components in the x-, y -, and z- directions respectively with unit vectors , ê , 
and respectively. The first term, J x B , on the right hand side o f  equation (2) is the
mathematical representation o f  the Lorentz force. In this work, three assumptions were 
taken: i- the natural convection induced by the density variations due to electrochemical 
reactions on the surfaces o f electrodes does not play a major role (Qian et al 2006), ii- ect 
the paramagnetic forces due to the concentration gradients o f  paramagnetic species are
1 8
neglected (Ragsdale et al 1998), and finally iii- since the Reynolds number is very small 
the induced magnetic field is neglected (Qian et al 2006).
The boundary conditions that must be provided for the 3D model must satisfy the 
fact that the velocity at the surfaces o f the conduit is zero, so it is no-slip boundary 
conditions. The boundary conditions used are mentioned below:
p (0 ,y ,z )  = i j ,  (3a)
t* u (0 ,y ,z )  = 0 , (3b)
p { L ,y ,z )  = P^, (3 c)
In the above, t is the unit vector tangent to the surface x = 0 in (3b). The external 
pressure gradient is (P, - P ^ j L  .
2.2.2 The Model for Multi-Ion Mass Transport 
The most important thing to deal with in multi-ion mass transport is that the 
current flux at relatively high values is maintained. By doing this, the fluid flow will be 
maintained and the electrode corrosion and bubble formation will be avoided. To do so, a 
dilute quasi-reversible RedOx electrolyte solution is used. It was assumed that the RedOx 
electrolyte solution contains K  dissolved ionic species (A =l,..., K). The flux density o f 
each dissolved ionic species due to convection, diffusion, and migration is given by:
= u  q - z ^ m ^ F q V F  , with A =l,..., F . (4)
In the above, is the molar concentration, Dk is the diffusion coefficient, is the
charge, and is the electrical mobility o f  the kth ionic species. F is Faraday’s constant 
(F=96484.6 C/mol), and V is the electric potential in the electrolyte solution. Based on
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the order o f magnitude analysis, the induetion term “  ^ ^  is negleeted in (4) (Qian et al 
2006).
The mobility o f speeies, mk, is determined by the well known Nemst-Einstein 
relation. Equation (5) shows this relation;
D„' k
R T/"A = 1 :6 .  (5)
W here Dk is the diffusion term, R is the universal gas eonstant, and T is the absolute 
temperature. The eoneentration o f eaeh speeies is governed by the mass eonservation 
equation (Newmann 1991 and Bard 2000):
V . N ,  = 0 ,  k = \ , . . . ,K .  (6)
It is important to mention that there are no homogeneous reaetions.
The set o f  equations (6) consist o f K+1  unknown variables: the eoneentrations o f 
the K  dissolved ionie species and the electrie potential, V, in the electrolyte solution. The 
eleetroneutrality eondition provides the (F + i)'^  equation:
= 0 . (7)
k=\
In equation (7), I neglected the electrical double layer next to the electrodes sinee the 
width o f the mieroconduit is mueh larger than the thickness o f the electrical double layer.
The eurrent density J  in the eleetrolyte solution due to convection, diffusion, and 
migration is given by
(8)
k=\
The current density J  induces magnetic field b. However, in most cases, the induced 
magnetic field b can be neglected (Qian et al 2006).
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The boundary condition for an inert species (no electrode reactions occur for that 
species) and for all species at insulated boundaries is
n * N ,  = 0 ,  (9)
where n is the unit vector normal to the surface.
The concentrations o f each species at the inlet cross-section (x= 0) are given by 
q ( 0 ,y ,z )  = q g , k = \ , . . . ,K ,  (10a)
K
and obey the eleetroneutrality condition = 0 . Cko is determined from the bulk
k=\
concentrations in the reservoir. Furthermore, far upstream o f the electrodes, I assumed 
the electric field to be insignificant
n * V F (0 ,y ,z )  = 0 . (10b)
The transport o f  species at the exit cross-section (x=Z) is dominated by convection due to 
sufficiently large Peclet numbers in the MHD flow (Qian et al 2006):
n * N ^  = n * ( c ^ u ) ,  k = l , . . . ,K ,  (10c)
and
n » V V ( L ,y , z )  = 0 . (lOd)
For RedOx couple, the oxidation and reduction reactions occur, respectively, at 
the surfaces o f  the anode and cathode:
Ox + Mg" o  Red . (11)
W hen the RedOx couple is K^[Fe(CN) [Fe(CN)g] electrolyte solution, Ox and Red in
the above electrochemical reaction correspond, respectively, to [Fe(CN)J^‘ and
2 1
[Fe(CN)g]'^‘, and n= \ in (11). The Butler-Volmer equation describes the kinetics o f the 
electrodes’ reactions (Newman 1991 and Bard 2000):
f  anF  ( \ - a ) n F  ^
(12)
where and are the concentrations o f the electroactive ions that are involved in the
electrochemical reaction (11) at the edge o f  the electric double layer; « i s  the charge 
transfer coefficient for the cathodic reaction, usually ranging from 0.0 to 1.0; n represents 
the number o f electrons exchanged in the reaction; ko is the reaction rate constant; and
f( - V ) ,  along the surface o f anode
, . (13)
along the surface o f cathode
In the above, Uan and Uca are, respectively, the imposed potential on the anode and 
cathode, and AV=Uan-Uca represents the potential difference applied to the opposing 
electrodes.
Witness that the momentum and mass transport equations are strongly coupled. 
The flow field affects the mass transport because o f the convection term which affects the 
current density J , which, in turn, affects the flow field through the Lorentz force J x B .  
Therefore, one has to simultaneously solve the three-dimensional full mathematical 
model which consists o f the continuity and Navier-Stokes equations (l)-(2), the mass 
conservation equations (6)-(7), and the generalized Butler-Volmer expression (12) for the 
MHD flow field, the ionic concentrations, and the current density.
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2.3 Solver Validation and Mesh Choice 
As previously mentioned, the model is strongly coupled. Thus, the commercial 
software COMSOL 3.3 was used. A 64 bit dual-processor workstation o f 32 RAM was 
employed and this allowed me to create a finer mesh over the region under study. W ith a 
finer mesh, the results will be more reliable.
To validate the solver o f  this software, I used the paper published by Qian et al 
2006. In this paper, two dimensional MHD flow with RedOx species analytical solution 
was deprived. The results o f  this solution and those predicted by COMSOL were in great 
agreement. Also, I compared those results with the results produced by FLUENT 
software and they were in good agreement as well.
The choice o f the mesh to be used is so important so the results will be reliable. A 
non-uniform mesh with a larger number o f  elements next to the electrodes was used. This 
is because the boundary conditions are applied at the electrodes and the RedOx species 
are concentrated there. The mesh will be reduced in size as it approaches the middle o f 
the conduit. To make sure that the mesh used is fine enough, I refined the mesh and 
compared it to the previous results produced by the previous mesh and I found out that 
there are 3% error in the readings and this made me confident about the mesh used.
2.4 Results and Discussions
First I simulated the RedOx-based MHD flow in a 3D planar microconduit o f 
18mm in length, 330 pm  in width, and 670 pm  in depth. The electrodes cover the entire 
side walls o f  the conduit (i.e., L/=0, and L et^L). The used RedOx electrolyte is a mixture 
o f  K^[Fe(CN)g]/K;[Fe(CN)g] in the absence o f supporting electrolyte. The simulation
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conditions are the same as those used in the experiments conducted by Aguilar et al. 
2006. The electrolyte solution contains the three ions k^, Fe(CN)^^", and Fe(CN)g'^‘ with 
charges 1, -3, and -4, respectively. The diffusion coefficients at room temperature o f  k \  
F e(C N )/', and Fe(CN)g'^' are, respectively, 1.957 x lO'^m^/s, 0.896 x 10'% ^/s, and
0.735 X 10'% ^/s [36]. For the electrochemical reaction F e (C N )/'+ e ^  Fe(CN)g"‘ , the
reaction rate constant is A:o=1.0xlO"^ m/s, and the charge transfer coefficient is «%0.5 
(Bortels et al 1997). Since the Ferric cyanide and Ferrous cyanide system has a very high 
reaction rate constant, the results are not sensitive to values o f  ko and a. Since the RedOx 
electrolyte is dilute, the density and viscosity o f  the RedOx electrolyte are similar to 
those o f  water (p-lOOOkg/m^ and p~10'^ Pa-s). In all my computations, the temperature 
7’=298K, and the inlet concentrations o f the K^[Fe(CN)^] and K^[Fe(CN)^] are taken to be 
equal. I also assume that there is no pressure difference between the conduit’s inlet and 
exit (i.e., P\=Pi)-
The steady flow field and ionic concentration field under various potential 
differences ( ^ ^ ) ,  RedOx species concentrations (CO), and magnetic flux densities (B) 
are obtained by simultaneously solving the coupled full mathematical model described in 
section 2. Here I present the results o f my numerical computations and compare them 
with the experimental data obtained by Aguilar et al. 2006. Fig 2.2 depicts the steady- 
state current transmitted through the electrolyte solution as a function o f the imposed 
potential difference, , across the electrodes in the absence (dashed line and circles) 
and presence (solid line and triangles) o f magnetic field when the bulk concentrations o f 
K4[Fe(CN)6]) and K3[Fe(CN)6]) are C0=0.25M. In other words, the effect o f magnetic 
field on the current is studied for two different magnetic flux densities, one at B=0 and
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the other at B=0.44 T under different potential differenees. The eireles (•) and triangles 
( A ) represent, respeetively, the experimental data obtained from Aguilar et al. (2006) for 
B=0 and B=0.44 T, and the lines represent my theoretieal predietions. The diserepaneies 
between the theoretieal predietions and the experimental data may be due to the 
differenees between the aetual and assumed diffusion eoeffieients o f  the eleetroaetive 
speeies. W hen the applied potential differenee is low, the resulting eurrent nonlinearly 
inereases with the applied potential difference. Once the potential differenee exceeds a 
certain value, the eurrent reaches the limiting eurrent, Ilimiting, and does not increase 
with the potential differenee.
2.0
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Figure 2.2: The resulting eurrent as a function o f the applied potential differenee
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The magnitude o f the limiting current is, among other things, a function o f the 
concentration o f the RedOx species, the magnetic flux density, the dimensions o f  the 
electrodes and the conduit, and the diffusion coefficients o f the eleetroaetive species. In 
the presence o f magnetic field, the interaction between the current density and magnetic 
field induces a Lorenz force which pumps the fluid from the reservoir located at the left 
end (i.e., x=0) to the reservoir positioned at the right end (i.e., x=L) o f the channel. The 
induced fluid motion reduces the thickness o f the concentration boundary layer formed 
next to the surfaces o f  the electrodes which, in turn, leads to an increase in the 
concentration gradient and eurrent density along the surfaces o f the electrodes. 
Consequently, the total eurrent in the presence o f  the magnetic field is higher than that in 
the absence o f magnetic field in which there is no fluid motion. But the effect o f  the 
magnetic field on the resulting eurrent is not very significant under the above conditions.
In most regions o f the planar microchannel, the current density J  is directed 
nearly normal to the electrodes’ surfaces, and the Lorentz force J x B  is thus directed along 
the x-direetion. Consequently, the velocity components in the y -  and z-direetions are at 
least two orders o f  magnitude lower than the velocity component in the x-direetion. The 
x-component velocity is nearly independent o f  the coordinate x, and its profile looks like 
paraboloid (results are not shown here). Since the induced Lorentz force is a body force, 
the induced MHD flow is similar to a fully developed pressure-driven flow in a three- 
dimensional microchannel. The x-eomponent velocity can he approximated with that o f  a 
fully developed duct flow with a rectangular section (White 2006):
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i4j,z)=-
m __________
192a tanh(/W)/2a)
y=l,3,5,K J
Z  (-1)^
cosh
i7i(z-by' 
2a ,
cos in(y-aŸ 
2a , (13)
where a=WI2, b=H!2, and U  is the average velocity. The series solution (13), which is 
not always practical for application, can be approximated with the following elosed-form 
approximation with an error less than 1%:
u { y , z ) ^ U  
In the above.
+ P ^ M + r
1 -
'  y - a p
1 -
m
y m ) V « J I ^ 7 (14)
m = 1.7 + 0.5
\ a  J
and n -
2 + 0.31
3y
(15)
Subsequently, the steady x-eomponent momentum equation can be approximated by:
dx
^ d^u
• +  ■ + Jy B  = 0 . (16)
In the above, Jy is the y-component current density. The equation (16) represents a 
balance between the pressure force, the viscous force and the Lorentz force. Substituting 
(14) into (16), and taking volume integration o f the equation (16), the average velocity 
becomes
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C/= _  (17)
AixL {n + \ ) ^  + {m + \)
In the absence o f the pressure difference between the conduit’s inlet and exit (i.e., ^ 1= ^ 2), 
the average velocity is
B IH
U  = ■
AfiL
(18)
Using the predefined velocity profile (14), one can simplify the coupled full 
mathematical model without solving the continuity and Navier-Stokes equations. In the 
approximation model, one only needs to solve the mass transport equations (6)-(7) to 
determine the eoneentration field and the eurrent density.
W hen the currents are predefined in the experiments, one can estimate the average 
velocity o f the RedOx-based MHD flow with the close form approximation (18) which 
shows that the average velocity is linearly proportional to the magnetic flux density B  and 
the current I, and is inversely proportional to the viscosity o f the RedOx eleetrolyte. The 
average velocity also strongly depends on the dimensions o f the conduit. Figure 2.3 
depicts the average velocity as functions o f the height and width o f the conduit when its 
length 2=18 mm, the magnetic flux density 5=0.44 T, and the eurrent 7=0.15 mA. W hen 
the channel is very shallow, the average velocity inereases with the width o f  the channel. 
This, however, is not true for a wider channel. Once the width exceeds a certain value, 
the average velocity peaks and then declines with the increase o f the width. For a deep 
channel, the average velocity inereases with the width o f the channel.
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Figure 2.3; The average velocity as functions o f the height and width o f  the mieroconduit
W hen the area o f  the y z  cross-section and the total volume o f  the channel are 
fixed, there are optimal values for the height and width o f  the channel which corresponds 
to the maximum flow rate. The optimal height o f  the channel is governed by the solution 
o f the equation, 1 .5 / / 7 ^ '  + 5 . 7 / / - 1 . 9 ^ ' 7 / / "  ' - 2 . 7  = 0 in which A  is the area o f
the y z  cross-section o f the channel. Figure 2.4 depicts the flow rate, Q  = U W H , as a 
function o f the height o f  the channel when the area o f theyz cross-section is 0.2211 mm^, 
and other conditions are the same as those in Fig.2.3. The predefined cross-sectional area 
is the same as that o f the channel used in the experiments by Aguilar et al. 2006. W hen 
the channel is shallow, the flow rate increases as the height increases. When the height o f 
the channel is larger than a threshold value, the flow rate reaches the maximum and then
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declines with the height. The maximum flow rate occurs in a channel with 410 p.m in 
height and 539.3 p.m in width under the above conditions.
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Figure 2.4: The flow rate as a function o f the height o f the mieroconduit
Figure 2.5 depicts the average velocity, t / , as a function o f the applied potential 
difference for various bulk eoneentrations o f  the RedOx eleetrolyte when 5=0.44 T. The 
triangles ( A )  and eireles (•) represent the experimental data obtained from Aguilar et al. 
2006, for the RedOx eoneentrations Co=0.1 M and Co=0.25 M, respeetively.
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Figure 2.5; The average velocity as a function o f the applied potential difference
The solid and dashed lines in Figure 2.5 represent, respeetively, the predictions 
obtained from the full mathematical model described in section 2 and the approximation 
model using the velocity profile (14). The predietions obtained from the full 
mathematical model (solid line) and from the approximation model (dashed line) are in 
good agreement. The average velocity nonlinearly increases with the potential difference 
when the latter is relatively low. W hen the potential difference exceeds a critical value, 
the average velocity appears to be nearly independent o f the potential differenee. This 
behavior is attributed to the variations o f the eurrent as the potential differenee inereases 
(Fig.2.2) sinee the average velocity is proportional to the eurrent as shown in the elosed- 
form approximation (18). In order to maximize the flow rate, it is desirable to apply a
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potential differenee close to the eritical value. The critical value in the RedOx-based 
MHD device is far below the threshold value for water electrolysis; therefore, there is no 
bubble formation in the RedOx-based MHD device even under DC electrie field. The 
predietions obtained from the full mathematical model and from the approximation 
model are over predicting the experimental data. The experiments were conducted by 
tracing a dye placed on one end o f  the channel (i.e., x=0) which then was observed on the 
other end o f  the channel (i.e., x=L) after certain time interval A t. The average velocity is 
estimated as the ratio T /A t. I would suspect that the measured velocity would appear to 
be slower than they really are because the dye can be seen on the exit reservoir only when 
its eoneentration got high enough.
Figure 2.6 depicts the maximum velocity, t/max, as a function o f  the current for 
Co=0.\ M (dashed line and circles) and 0.25 M (solid line and triangles) Nitrobenzene 
(NB) species in a planar conduit o f 18 mm in length, 270 pm  in width, and 640 pm  in 
height. The magnetic flux density B=  0.41 T. Using the measured currents from the 
experiments, I estimated the average velocity, U , with the elosed-form approximation
(18). According to (14), the maximum velocity is The lines and
m n
symbols in Fig.2.6 represent, respectively, the predictions o f the elosed-form 
approximation and the experimental data obtained from Arumugam et al. 2006.
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Figure 2.6: The maximum velocity as a function o f the current
The predictions agree with the experimental observations. The deviation between 
the solid and dashed lines is basically due to the difference in the dynamic viscosities o f 
0.1 M and 0.25 M NB RedOx electrolyte. The dynamic viscosities for Co=0.1 M and 0.25 
M NB electrolyte are, respectively, 0.00038 Pa.s and 0.00043 Pa.s (Arumugam et al 
2006), which explains the slope for Co=0.25 M NB is smaller than that o f  Co=0.1 M NB 
electrolyte. Figure 2.7 depicts the average velocity as a function o f the current for a saline 
solution when 5=0.02 T, Z=80 mm, W=2.88 mm, and H=1 mm. The line and symbols in 
Fig.7 represent, respectively, the prediction o f  the elosed-form approximation and the 
experimental data obtained from Flo 2006.
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Figure 2.7: The average velocity as a function o f the current
The predictions from my elosed-form approximation favorably agree with the 
experimental data when the current is low. The deviation between the prediction and the 
experimental data increases as the current increases. In the experiments, since there is no 
RedOx species present in the solution, there were significant bubble formations under the 
high current conditions. The formed bubbles slow down the flow motion which explains 
my predictions are higher than the experimental data when the current is high. Figure 2.8 
depicts the flow rate as a function o f the width o f the channel for a saline solution when 
5=0.02 T, L=80 mm, H=1 mm, and the current 7=0.7 A. The line and symbols represent, 
respectively, the predictions o f the elosed-form approximation and the experimental data 
obtained from Ho 2006, and they are in agreement.
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Figure 2.8: The flow rate as a funetion o f the width o f the ehannel
Figure 2.9 depiets the resulting eurrent as a funetion o f the applied potential 
differenee aeross the two opposing eleetrodes for eoneentrations Co=0.05 M, 0.1 M, and 
0.25 M o f the RedOx speeies K^[Fe(CN)g] and K^[Fe(CN)J. The lines and symbols 
represent, respeetively, the solutions o f the full mathematieal model and the 
approximation model using the predefined veloeity profile (14) without solving the 
eontinuity and Navier-Stokes equations. The other eonditions are the same as those in 
Fig.2. The results from both models are in good agreement whieh makes us more 
eonfident in applying the approximation model. The resulting eurrent inereases as the 
bulk eoneentration o f the RedOx speeies inereases.
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Figure 2.9: The resulting current as a function o f  the applied potential difference
Figure 2.10 depicts the average velocity, Î7 , as a function o f  the resulting current 
for various concentrations o f the RedOx species. The symbols (♦), ( a ) ,  and (•) represent 
the predictions o f  the full mathematical model for the concentrations Co=0.05 M, 0.1 M, 
and 0.25 M o f the RedOx species K^[Fe(CN)g] and K^[Fe(CN)J, respectively. Other 
conditions are the same as those in Fig. 2.9. The solid line in Fig. 10 represents the
prediction obtained from the elosed-form approximation (18). It is clearly shown that U  
is linearly proportional to the current I  for various concentrations o f the RedOx species. 
The predictions obtained from the full mathematical model (symbols in Fig. 10) favorably 
agree with those obtained from the elosed-form approximation. Therefore, one can use
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the elosed-form expression (18) to estimate the average velocity as long as the current is 
known.
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Figure 2.10: The average velocity as a function o f the resulting current
Since the average velocity or flow rate is proportional to the resulting current, the 
average velocity or flow rate reaches the maximum for the limiting current. Figure 2.11 
depicts the limiting current, Inmitmg, as a function o f the concentration o f  the RedOx 
species K^[Fe(CN)g] and K^[Fe(CN)g] for various magnetic flux densities. The 
dimensions o f  the channel are the same as those in Fig. 2.2. The predictions are obtained 
from the full mathematical model. The dash-dotted, dotted, dashed, and solid lines 
represent, respectively, B=0.2 T, 0.44 T, 0.6 T, and 0.8 T.
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Figure 2.11; The limiting eurrent as a funetion o f the eoneentration o f the RedOx speeies
The limiting eurrent inereases nearly linearly as the RedOx eoneentration 
inereases for various magnetie flux densities. The linear relationship between the limiting 
eurrent and the bulk eoneentration o f  the RedOx speeies agree with the experimental 
observations by Arumugam et al. 2006. Figure 2.12 depiets the maximum average 
veloeity eorresponding to the limiting eurrent as a funetion o f the bulk eoneentration o f 
the RedOx speeies.
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Figure 2.12: The average velocity as a funetion o f the concentration o f  the RedOx speeies
The lines and symbols in Figure 2.12 represent, respectively, the predictions 
obtained from the full mathematical model and from the elosed-form expression (18) 
using the obtained resulting current as depicted in Figure 2.11. Once again, the 
predictions from the elosed-form approximation agree well with those obtained from the 
full mathematical model. Due to the linear relationship between the average velocity and 
the resulting current whose limiting value is linearly proportional to the bulk 
concentration o f the RedOx species, the maximum average velocity, , is also linearly
proportional to the bulk concentration o f the RedOx species present in the electrolyte 
solution. The results imply that one can enhance the flow by using higher concentration
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o f the RedOx species. However, the presence o f concentrated RedOx species may 
damage some targets such as DNA and enzyme present in some biological applications.
Figure 2.13 depicts the limiting current as a function o f  the magnetic flux density 
for concentrations o f  the RedOx species Co=0.05 M (dotted line), 0.1 M (dashed line), 
and 0.25 M (solid line). When the concentration o f the RedOx species is low, the limiting 
current is nearly independent o f  the magnetic flux density. As the concentration o f  the 
RedOx species increases, so does the effect o f  the magnetic flux density on the limiting 
current.
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Figure 2.13: The limiting current as a function o f  the magnetic flux density
For higher concentration o f  the RedOx species, the limiting current nearly linearly 
increases with the magnetic flux density. As the magnetic flux density increases, the
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induced MHD flow increases, the thickness o f the concentration boundary layers next to 
the electrodes decrease, consequently, the current density and the total current increases. 
Figure 2.14 depicts the maximum average velocity corresponding to the limiting current 
condition as a function o f the magnetic flux density under various concentrations o f  the 
RedOx species. The conditions are the same as those in Figure 2.13. According to (18), 
the effect o f the magnetic flux density on the average velocity is due to the combined 
effects o f  B  on the current and B  itself. For low concentration o f the RedOx species, since 
the effect o f the magnetic flux density on the limiting current is insignificant (Figure 
2.13), the average velocity corresponding to the limiting current linearly increases as the 
magnetic flux density increases. For higher concentration o f  the RedOx species, the 
average velocity nonlinearly increases with the magnetic flux density since the effect o f 
the magnetic flux density on the limiting current becomes more pronounced. The 
theoretical predictions from the full mathematical model (lines) agree well with the 
predictions obtained from the closed-form approximation (symbols) using the obtained 
limiting current as depicted in Figure 2.13.
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Figure 2.14: The average velocity as a function o f  the magnetic flux density.
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CHAPTER 3
ANALYSIS OF MAGNETOHYDRODYNAMIC MICROPUMPS AND NETW ORKS
3.1 Introduction
This work presents a new closed form solution for the velocity profile o f 
Magnetohydrodynamic (MHD) flows in microchannels, which consists o f  a pair o f 
electrodes deposited on opposite walls o f  the conduit and externally applied magnetic 
field. These electrodes produce an electric current whose interaction with the magnetic 
field creates Lorentz force which initiates and maintains the flow within the channel. 
Factors affecting Lorentz force include the dimensions o f the conduit, the current applied 
on its opposite sides, the pressure drop across it, and the physical properties o f the fluid. 
It can be applied to any channel having an aspect ratio (the ratio o f  the channel’s depth to 
width) o f meters to micrometers, and is valid for 3D fully developed, steady and 
incompressible flows. Moreover, it will be verified with both published and experimental 
data, where the current can be either alternating or direct. Then, some case studies shall 
be conducted, where the presented closed form solution will aid as an analytical tool to 
find the velocity profiles, mean velocity, maximum velocity, and even mass flow rate at 
any given point within the channel. It will act as a tool which will approximate the 
velocity profile for MHD flows (with little error) via neglecting the Navier Stokes 
equation, thus reducing the time needed to perform a computational fluid dynamics 
analysis.
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3.2 Mathematical Model 
A planar microchannel with a length o f L  and a rectangular cross-section o f  height 
2b and width l a  is considered. A Cartesian coordinate system whose origin is at the 
center o f  the channel shall be adopted. The coordinates x, y ,  and z are aligned, 
respectively, along the conduit’s length, width, and depth ( - L / 2 ^ <  L U , -a<y< a, and 
- b ^ < b ) .  It will be always assumed that b > a  since this situation can always be realized 
through rotation. Two planar electrodes o f length L e are deposited along the two opposing 
walls, with the leading edge located at a distance L u  downstream o f the conduit’s 
entrance (L u^ ^ u+Le), and W  is the distance between the two walls. The parts o f  the 
conduit’s walls that are free o f electrodes are synthesized o f dielectric material. Figure
3.1 schematizes the suggested three-dimensional, planar microchannel model.
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Figure 3.1-a and -b: Schematic diagram o f the Model
An electrolyte solution, characterized with being a weak conductor fills the 
microchannel. W hen a potential difference is applied across the two planar electrodes 
(located along the opposing walls), an electric current o f  density J  transmits through the 
electrolyte solution. Bold letters shall denote vectors henceforward. I f  the microfluidic 
device is placed in a magnetic field with a magnetic flux density B  (supplied by a 
permanent magnet or an electromagnet), the interaction between the current density J  and 
the magnetic field B  induces a Lorentz force o f density, J  x B . This force can be used to 
manipulate fluids for various microfluidic applications (Arumugam et al 2006).Both DC
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and AC electric fields can be harnessed for MHD-based microfluidics. In the following 
sections, I shall first describe the DC MHD then the AC MHD model.
3.2.1 The Mathematical Model for the Fluid M otion in DC MHD
The electrolyte solution shall be considered incompressible. Under steady state, 
the flow driven by both the Lorentz force and the pressure gradient is governed by 
continuity and Navier-Stokes equations:
V « u  = 0 (1)
and
yOu • Vu = -V p  + / / V^u + J  x B  . (2)
In the above, p  is the pressure; p  and p  denote, respectively, the electrolyte solution’s 
density and dynamic viscosity; u = + ve^ + we^ is the fluid's velocity in which u, v,
and w are, respectively, the velocity components in the x-, y-,  and z- directions. The 
following shall be neglected: (i) the natural convection induced by the density variations 
due to electrochemical reactions taking place on the surface o f  the electrodes (Clark et al 
2004), (ii) the paramagnetic forces induced by the concentration gradients o f the 
paramagnetic species (Eijkel et al 2004), and (iii) the induced magnetic field due to small 
Reynolds numbers o f  the MHD flows in microchannels. Furthermore, it shall be assumed 
that the magnetic field is uniform in the z-direction, which is appropriate approximation 
since the size o f the magnet is much larger than that o f the microfluidic device.
In order to solve the equations (1) and (2), appropriate boundary conditions are 
needed. A non-slip boundary condition is used at the solid walls o f the microchannel, 
whereas normal pressure boundary conditions are used at the entrance (x= -L I2 )  and exit 
(x=L/2) o f the microchannel:
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(3)
(4)
(5)
(6)
where t is the unit vector tangent to the planes x  = ± — . The externally applied pressure
gradient is / ^ / L  with Ap = P ^ -P ^ .  In the absence o f  the externally applied pressure 
gradient across the microchannel, Pi=P2=0 .
The spatial distribution o f  the current density J  within the electrolyte solution is 
required to numerically solve the flow field from the equation (1) and the set o f the 
equations (2) subjected to the appropriate boundary conditions. The current density is 
related to the ionic mass transport and the electrochemical reaction along the surface o f 
the electrodes (Yi et al 2002).
Based on previous results by Gao et al (2007), the MHD flow is fully developed in 
most regions o f the 3D planar microchannel and the x-component velocity can be 
approximated with that o f  a fully-developed duct flow having a rectangular cross-section 
(White 2006):
u(y ,z )--A ^U  J  (-1)
cosh
inz
cosh
cos
^iTTy'^ 
\  2a y
(7)
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where A, = ■
48
7T
7T b
tanh{j7rb/2a)
7 = 1 ,3 ,5 ,K  j
(8)
In the above, U  is the cross-sectional average velocity. It is important to mention here 
that a=min(H/2, W/2) and b=max(H/2, W/2). The above approximation o f  the MHD flow 
with a fully developed pressure-driven Poiseuille flow has been previously adopted by 
many groups (Bau et al 2003, Homsy et al 2005, Wang et al 2004).
A ,can be modified to the following relationship:
48
A  = 192a
7T
n  b
tanh(— ) 
2a
( 9 )
The steady x-component momentum equation can be approximated by:
&
' -)----- + JyB = 0 ( 10)
with Jy is the y-component current density. Equation (10) represents a balance among the 
three forces: pressure force, viscous force, and Lorentz force. Substituting the expression 
(7) into (10), and taking volume integration o f the equation (10) in the domain -L /2<x< 
L/2, -a< y<  a, and -b<z<b, then
sin
à , t x p a b - 2 A ,U p L n -  ^  ( - l ) ' : ' ---------- ^
The series solution in equation (11) is:
+ IB W  = 0. (11)
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. , sin
\
I  ( - i F - ^ =  î  ( - l y  L . + , Y ' ' - ' = T -  ' C2)
i = l ,3 X  ^ 7= 1 ,2JC \ ^ J  +  1 )  8
So, I obtained a closed-form solution to the cross-sectional average velocity:
(13)
n  A^p L  n  bA^pL 
The volumetric flow rate Q is
Q = = (14)
K A^p L  K A^pL
The resulting closed-form expressions for the average velocity and flow rate take into 
account the combined effects o f pressure-driven force and Lorentz force. In the absence 
o f  the pressure difference between the conduit’s inlet and exit (i.e., Ap = 0 ), the average 
velocity is
(15)
K bA^pL 
and the volumetric flow rate is
6  = (16)
K A^pL
Therefore, the performances o f DC MHD micropumps and networks can be 
estimated by applying the obtained closed-form expression (14) without solving the 3D 
PDEs (1) and (2). Compared to the average velocity and flow rate (in terms o f  a series 
form) expressions obtained by many groups (Bau et al 2003, Homsy et al 2005, Wang et 
al 2004), the resulting closed-form expressions for the average velocity and flow rate are 
more practical as they can be applied for example for inverse problems, including the 
optimization o f  the channel’s dimensions and the determination o f the currents needed to
sin (2y + l )^
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achieve the desired flow rates and flow patterns in MHD microfluidic networks (Ho 2007 
and Homsy et al 2007). In addition, the series solutions for the average velocity and flow 
rate -obtained by other groups- are only valid when AP=0 i.e. when there is no externally 
applied or induced pressure gradient across the two ends o f  the channel. However, the 
fact is that in many MHD-based microfluidic applications such as MHD networks (Ho 
2007, Homsy et al 2007, and Affanni et al 2006) and MHD switch circuitry (Lem off and 
Lee, 2003), a pressure gradient will be induced across the branch even in the absence o f 
the externally applied pressure gradient.
3.2.2 The Mathematical Model for the Fluid M otion in AC MHD 
In AC MHD, AC electric and magnetic fields are used. The magnetic flux density 
i s B s i n ( w / ) , and the current density in solution is J  sin (w / + (f) , where co is the angular 
frequency o f  the fields and <f> is the phase angle between the electric and magnetic fields. 
The momentum equation o f  the fully developed AC MHD flow is the following:
du dp d u  d u
- I - s i n  (tut) sin ( tu/+ ^ ) .  (17)
The time-averaged velocity and pressure are, respectively, (w) = u dcot and
{ p ) =  P d ( ^ P
Integrating Eq. (17) with respect to cot from tu/=0 to 2rc, then
, ..I"
dx
■ + p + J S — 4LZ = 0 .  (18)
In comparing equation (18) with equation (10), I found that the only difference is that a
factor occurs in the 3"̂  ̂term in the LHS.
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Based on the solution o f  the equation (10), a closed-form solution o f the cross- 
sectional average velocity in AC MHD is
The time-averaged volumetric flow rate <Q> is
In the absence o f the pressure difference across the two ends o f the microchannel (i.e. 
when Ap = 0 ), the cross-sectional average velocity and the time-averaged flow rate in AC 
MHD are, respectively.
and
3.3 Results and Discussions 
In this section, I will compare the results o f  the closed-form solutions o f the cross- 
sectional average velocity in both DC MHD and AC MHD micropumps and networks 
with data obtained from literature. Literature data shall be divided into two parts: 
experimental data and numerical data. Those comparisons shall validate my closed form 
solution.
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3.3.1 Validation o f the Closed Form Solution for DC MHD 
The current produced by the electrodes deposited at the opposite sides o f  the 
channel in DC MHD flows is independent o f time i.e. has a fixed and constant 
magnitude.
First, the results o f the closed form solution are compared to DC results obtained 
by Ho 2007. Ho presents a DC MHD flow in a channel o f length 80 mm, depth 7 mm, 
width 3-20 mm and electrodes o f  length 35 mm. The magnetic field is fixed at 0.02 T. 
The viscosity o f the fluid used is 0.0006 Pa.s while its density is 1058 kg/m^. The input 
current varies from 0.1 to 1.3 A. Two sets o f  experimental runs were done, where in the 
first, the flow rate was sought within the channel while varying its width. I compared 
such data to my closed form solution and represented this in Fig.2.2. The symbol ( A )  
represents experimental data, whereas the solid line represents my closed form solution. 
The magnetic field density is 0.02 T and the input current is 0.7 A. Other quantities 
remain as mentioned above. It is obvious that there is a good match between my closed 
form solution and the experimental data points, and it can be noticed that the error is very 
small for width less than 1.5 mm, increasing for higher values.
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Figure 3.2: Comparisons with H o’s experimental data
This can be correlated to bubble formation, another physical phenomenon 
occurring in the channel due to traces o f ions in the flowing solution flowing. In presence 
o f  charged electrodes, electrolysis may occur, where the produced bubbles retard the 
flow. Experimental results encountered this process, unlike my closed form solution.
The mean velocity in the duct is plotted in fig. 2.3. as a function o f the current 
applied, and my closed form solution is compared to experimental data from the above- 
mentioned reference. In this plot, the channel has a length o f 80 mm, a width o f 3 mm, 
and a depth o f  7 mm. Other physical quantities are as follows: magnetic field o f  0.02 T, 
solution viscosity o f 0.0006 Pa.s, and an applied current o f  0 to 1.4 A. The symbol ( A )  
represents the experimental data and the solid line represents my closed form solution. 
Again, notice the good match between both results. At higher current values though, there
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is a deviation due to the same physical phenomenon mentioned above i.e. bubble 
formation.
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Figure 3.3: Comparisons with H o’s experimental data
As stated before, formed bubbles retard the flow within the channel, leading to the 
fact that numerical results will overestimate the experimental data. Notice, however, that 
at very high current values (>1 A), this deviation increases due to the rapid electrolysis, 
but the relative error is still acceptable.
It can thus be concluded, that the closed form solution gives reliable results when 
the pressure drops are eonsidered to be negligible.
The results o f the closed form solution are compared with the experimental results 
produced by Bau et al 2003. In this paper, Bau designed a network o f a circulating
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solution which applies the principles o f  MHD. Figure 3.4 represents this network, 
whereas Figure 3.5. shows the equivalent grid network.
Figure 3.4: A schematic diagram o f the network used in B an’s paper
55
1
Figure 3.5: The equivalent network o f the above presented network by Bau.
The lengths o f the channels within the network are: 77.5 mm, 10 mm, 9.8 mm, 
22.5 mm, 11.25 mm, 14.7 mm, 14.7 mm, and 11.25 mm corresponding to the branches 1, 
2, 3, 4, 5, 7, and 8 respectively. The height and width o f the channels are uniform, with 
values o f  1.7 mm and 1.1 mm. It is should be mentioned that in his paper, Bau stated that 
the current density within the channel is not uniform. Therefore, the uniform current 
density must be multiplied by a numerical coefficient, k, to give the actual value o f 
current density. In his design, he stated a value o f 0.16 for k. The current is given as 
10.301 mA, 1.322 mA, 0.967 mA, 1.491 mA, 0.745 mA, 0.484 mA, 0.484 mA, and 0.745 
mA corresponding to the branches 1, 2, 3, 4, 5, 7, and 8 respectively. The viscosity o f  the 
flow is given as 0.001 Pa.s. Finally, the pressure drop within each branch is negligible. 
Based on these quantities, the flow within each branch was measured experimentally and 
reported. 1 compared those values with those produced by my closed form solution.
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where Table.3.1 shows this comparison. It can be clearly concluded that there is a perfect 
match between the values.
Table 3.1. Comparison between Bau et al and results predicted by my closed form
Chord No Length (mm) Current (mA) Numerical 
Flow Rate 
(pl/s)
Experimental 
Flow Rate 
(pl/s)
1 77.5 10.301 0.75 0.752
2 10 1.322 0.75 0.748
3 9.8 0.967 0.563 0.558
4 22.5 0.491 0.375 0.375
5 11.25 0.745 0.375 0.375
6 14.7 0.484 0.188 0.186
7 14.7 0.484 0.188 0.186
8 11.25 0.745 0.375 0.375
Thus, the closed form solution is validated for the case where the pressure drop is 
neglected or taken to be zero, and remains to be validated when the pressure drop is taken 
into consideration. In a paper by Affanni et al (2006), a closed square loop was 
considered, which consists o f four branches with a pair o f electrode installed in one o f  the 
branches. Figure. 3.6. illustrates this square loop. The branch where the pair o f electrodes 
is installed initiates the flow in the loop, whilst in the rest o f  the loop the flow is pressure 
driven. In other words, this branch acts as the pumping branch, and has the following 
dimensions: 1.3 mm in depth and 5 mm in depth. The length o f the equivalent circuit is 
93 mm.
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Branch 4
Branch 2
Branch 1
Figure 3.6: A schematic diagram o f the micro loop used by Affani et al
By utilizing the “FEM LAB” software, Affani was able to find the pressure drop 
within each branch o f the loop. Now, I will compare the values o f  those pressure drops 
with those calculated by the closed form solution and present the method adopted. There 
are five unknowns, namely the pressure drops at each branch, and the volumetric flow 
rate flowing through the loop. We have four equations for each branch relating the 
volumetric flow rate to other physical quantities, and one constraint that sets the 
summation o f all pressure drops in the loop to zero. This system o f equations can be 
solved by any numerical method, such as Gauss Elimination. Other physical quantities 
are as follows: the viscosity o f the fluid is given as 0.0011 Pa.s, the magnetic field is 0.07 
T, and finally the electric current is 0.2 A. Figure. 3.7 shows the comparison between the 
pressures at the inlet and outlet o f each branch, where it can be clearly seen that there is a
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good match between both results. The reason underlying the fact that my closed form 
overestimates there results is that there are bends in the loop. Consequently, the length 
should be modified, while in “FEM LAB” it is automatically modified.
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Figure 3.7: Comparison between the pressure o f the micro loop presented in figure 3.6.
The closed form solution is compared here with the results produced by the 3D 
MHD model presented in Chapter 2. “FEM LAB” software is used to simulate the case o f 
a channel o f 45 mm in length and 35 mm length o f electrodes. The height and width are 
kept variables, where the width can be 500 pm, 800 pm, or 1000 pm, wheaeras the depth 
can vary from 0 to 1.5 mm. Other physical quantities are given as: electric current o f  0.1 
A; magnetic field o f 0.018 T; and dynamic viscosity o f 0.0006 Pa.s. Figure. 3.8 illustrates
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this comparison, where the solid line presents the closed form approximation and the 
triangles present the 3D simulations. The variation o f mean velocity with respect to 
channels depth at three different widths is displayed, and it is clear that there is a very 
good match between both results.
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Figure 3.8: The mean velocity as a function o f the channels height
Figure.3.9. illustrates the mean velocity as a function o f both width and height. It 
is clear that for a small aspect ratio (less than one), the velocity increases rapidly as the 
aspect ratio increases.
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Figure 3.9: The mean velocity as a function o f the channels height and width.
The peak is at the aspect ratio o f one, after which the speed faces a gradual 
decline with increases in the aspect ratio. The physieal conditions for this plot are as 
follows: the length o f the channel is 45 mm, the magnetic field is 0.4 T, the electric 
current is 1 mA, and the dynamic viscosity is 0.001 Pa.s
Other crucial relations that demand attention are the effects o f the physical 
quantities AP (pressure drop) and I (electric current) on average velocity. Figure. 3.10 
illustrates this plot. The square channel has dimensions o f 500 pm in height and width, 
and 45 mm in length. Other physical properties are given as: 0.44 T magnetic field and 
0.001 Pa.s solution’s viscosity.
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It is clear from this plot that average velocity increases as a result o f  increases in 
AP and I, and that the increase in the current gives a higher increase in the mean velocity 
than the increase in the AP. Notice that the mean velocity drops to zero when both I and 
AP are both zeros or when:
AP =
I x B
H
(23)
5 - 0.01
0.01
Figure 3.10: The mean velocity as function o f applied current and the pressure drop
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In the previous equation, I is the eleetric current, B is the magnetie field and H is 
the height o f the channel. This means that the pressure drop is balaneed by the Lorentz 
force per unit area o f  the electrode.
3.3.2 Validation o f the Closed Form Solution for AC MHD 
The current produced by the eleetrodes deposited at the opposite sides o f  the 
channel in AC MHD dependents on time. The closed form solution has the same 
derivation, with the exception that I are going to find here the time-averaged velocity. 
Moreover, the form here depends on a new factor i.e. the phase angle, which represents 
the shift between the current density wave and that o f  the magnetie flux.
Lem off et al (2000) experimental data are compared to the results produced by the 
closed form solution. Lem off designed and tested an AC M HD-driven flow micro­
channel o f  length 20 mm, width 800 pm, and height 380 pm. The length o f the electrodes 
is 4mm, while other physical quantities are given as: solution viscosity o f  0.0006 Pa.s, 
magnetic field o f  13 mT, and an applied electric current varying with the following 
values: 140, 100, 36, 24, 12, and 10 mA. Solutions utilized in the experiments are: 1 M 
NaCl, 0.1 M NaCl, 0.01 M NaCl, 0.01 M NaOH, PBS (pH 7.2), and lambda DNA in 
5mM NaCl. In addition to those data points, the results shall also be compared with the 
results o f  the numerical simulations for the same data done by Lem off 2006 and Wang et 
al 2004. Figure.3.11 shows these eomparisons, where time-averaged velocity is plotted 
against six different scenarios, namely 1 M NaCl and 140 mA, 0.1 M NaCl and 100 mA, 
0.01 M NaCl and 36 mA, 0.01 M NaOH and 24 mA, PBS (pH 7.2) and 12 mA, and 
finally lambda DNA in 5mM NaCl and 10 mA. The solid line presents the prediction.
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( A )  presents Lem off experimental data, ( • )  presents L em off s numerical data, and (■) 
presents W ang’s numerical data.
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Figure 3.11 : The time averaged velocity versus six different scenarios
The time-averaged velocity is plotted as a function o f phase angle (tp). Data points 
from experiments performed by Lem off shall be used for comparison with the closed 
form solution. Figure. 3.12 shows this comparison, in which the solid line represents the 
closed form solution while the symbol ( A )  represents the experimental data from Wang 
et al 2004. The magnetic field is 2.51 mT and the applied current is 75 mA. The channel 
has the following dimensions: 380 pm in height, 800 pm in width, and 20 mm in length. 
The viscosity is 0.0006 Pa.s. It is clear that the mean velocity follows a sinusoidal wave, 
and that there is a good match between both results. It should be stated here that for 
Figures. 3.11 and 3.12, the pressure drop is considered negligible. These displayed
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comparisons increase the confidence in my closed form solution for AC MHD flow in 
micro-channels.
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Figure 3.12: The mean velocity as a function o f  the phase angle.
In order to study the effect o f the phase angle on the time averaged velocity, a 3D 
surface displaying the time-averaged velocity as a function o f  both phase angle and 
applied current shall be plotted. Figure. 3.13 shows this graph, where it can be clearly 
realized that the flow drops to zero at the angles -90 and 90 or when the current is zero.
65
1
0.8
'o '
1 0.6
0.4
P
0.2
0
100
50
Phase Angle
0
-100 0
0.01
0.005
I (mi
Figure 3.13: The time averaged veloeity as funetion o f phase angle and eurrent
W hen the phase angle is fixed, the time-averaged veloeity inereases linearly with 
the applied eurrent. On the other hand, when the eurrent is fixed, it aequires a sinusoidal 
form as the phase angle ehanges. It is important to mention other physieal quantities, 
whieh are given as: 0.44 T magnetie field and 0.001 Pa.s solution viseosity. The 
dimensions o f  the ehannel are: 500 pm in width and height and 45 mm length. AP is 
eonsidered zero in this plot.
Another important plot to observe is the relationship between the AP and the 
phase angle and their effeet on the flow rate. In this seenario, those quantities are plot in a 
3D surfaee, shown in figure 3.14. Dimensions and physieal quantities are the same as 
above, with one addition i.e. the eurrent is 10 mA. It is clear that the flow is equal to zero
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when AP and the phase angle are ± 90 or when AP balances the Lorentz force per unit 
area o f the electrode as shown in (24):
I x B
AP =  cos(^)
H
(24)
Notice that the time-averaged velocity increases w ith increase in the pressure drop.
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Figure 3.14: The time averaged velocity as function o f phase angle and pressure drop
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CHAPTER 4
ADHESION PROPERTIES OF NANOPOROUS ALUMINA FILMS
4.1 Abstract
In this chapter, the adhesion properties o f  thin film nanoporous alumina substrates 
are investigated. Such substrates are important for the low-cost implementation o f  large 
arrays o f semiconductor and metal nanostructures with applications ranging from electro­
optic modulators to infrared detectors and mainly Lab on a Chip. For all such 
applications, an important requirement is good template/substrate adhesion.
As it was discussed in the previous chapters, I tried to implement the concepts 
deduced for mico channels on nano channels. I tried to initiate a MHD flow within a 
nanopore but as well known, there are no published method to create a single nanopore. 
So, I decided to use the AFM machine to create a single nanopore on AAO substrate. 
Gold layer was deposited over the substrate. The idea was to create a single punch in the 
substrate thus removing the gold layer and revealing only a single nanopore. Upon doing 
this, the substrate was not able to withstand the huge force exerted on it and it broke. I 
decided to study the adhesive properties o f  those substrates so I can manufacture a new 
substrate that can resist high normal and adhesive forces.
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4.2 Introduction
Nanotechnology has become one o f the most promising fields in modem 
technology. Its importance lies in the fact that it can handle applications that need high 
reliability and must be minute and small. Based on those facts the nanotechnology can 
deal with nanosized particles such as electrons, photons, DNA, and even RNA (Nielsch et 
al, 2000; Liu et al, 2003; Nishio et al, 2004).
Nanopores are the small pores that range between few to 500 nm  in size. Those 
pores have electrically insulating membranes; thus, it can be used as a detector for small 
particles. I f  any electrolyte solution passes through those nanopores: the ionic current o f 
any electrolyte solution passing through it is monitored as a voltage difference (Masuda 
et al, 1995, M asuda et al, 1997, M asuda et al, 1998). Different nanopores are fabricated 
on different substrates such as: silicon substrates, gallium oxide substrates, and alumina 
substrates.
Anodic alumina substrates have very good characteristics as both a template and 
host structures for the fabrication and manufacturing o f  different nanostructures and 
devices such as electronic, photonic, and magnetic nanosensors. Alumina substrates have 
hexagonal structures, in which the central pore is normal to the substrate. The advantages 
o f alumina substrates over any other substrates are: they are easy to manufacture and 
prepare since the anodization setup isn’t that complicated to build, the nanopores are 
distributed uniform ly over the w hole substrate, relatively inexpensive to m anufacture, 
and different materials can be deposited into the nanopore.
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Any aluminum substrate when electrochemically oxidized under constant 
potential difference, the surface o f the aluminum layer will be covered by a fine 
nanoporous oxide layer. Fig.4.1 shows the alumina substrate after anodization.
D t'ij 0  sill cm su  1 l a  r e
Figure 4.1 : Alumina thin film after anodiation
M ild anodization (MA) was used to fabricate self ordered anodic aluminum oxide 
(AAO) (Martin et al, 1944 ; M asuada et al, 1995; Masuada et al, 1997; Li et al, 1998; 
N icewamer-Pena et al, 2001; Lee et al; 2002). The draw back o f MA is that it is 
relatively slow, expensive, and difficult to be built. A new and better alternative for MA 
is hard anodization (HA) (Lichtenberger-Bajza et al, 1960; Csokan et al, 1962). It is a 
very fast process that gives uniform distribution and dimensions for the nanopores and it 
increases some o f  the mechanical properties o f  the substrate under study. The HA process 
is performed under certain conditions: low temperature (chillers to cool the acid must be 
used), high potential difference applied across the electrodes, and the use o f special acids 
(Murphy et al, 1961; Takahashi et al, 1973; Fumeaux et al, 1989; Li et al, 2006).
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The difference between MA and HA is that the nanopores in MA are self-ordered 
but it is slow and inconvenient process whilst in HA the nanopores are disordered but it is 
a fast and reliable process. Also, another important factor to take into consideration is the 
size o f the nanopore. The importance o f  the size o f  the nanopore depends basically on the 
application itself. In HA the nanopores manufactured are relatively larger in diameter 
than those in MA.
To enhance the mechanical properties o f AAO nanopores, new technique has 
been implemented (Parkhutik et al, 1992; Ostrowski et al, 1999; Xia et al, 2004; 
Habazaki et al, 2004; Zhu et al, 2005; Gras et al, 2006; Garcia-Vergara et al, 2007). It 
was found that changing the applied potential and the acid used will change the 
distribution and dimensions o f the nanopores. Changing those two variables will lead to 
the change in the mechanical properties o f the substrate under study and finally changing 
the mechanical property o f any substrate will change the classification o f  each sample 
and its area o f  application.
In this work, an apparatus for anodizing alumina substrate will be presented and 
the effect o f different contributing variables on the adhesive properties o f the substrate 
will be further studied.
4.3 Preliminary Work
The main idea behind this work was to create a single nanopore to detect the 
presence o f DNA in any given solution. The idea was to use M HD to circulate the 
solution within this channel. AAO substrates were used. The substrate is covered with a 
thin layer o f gold. Then, by the aid o f  atomic force microscope, a punch will be created
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on the gold surface thus creating a single nanopore. The atomic force microscope used is 
PSIA XEIOO. This XE system is combination o f atomic force microscope, scanning 
probe microscope, and scanning tunneling microscope. The resolution o f the system is 1 
micron. Figure 4.2 shows the PSIA XEIOO.
Figure 4.2: The PSIA XEIOO system.
It was found out that the substrate used was not able to withstand the force exerted 
on it by the XEIOO machine. Figure 4.3 shows the crack created over the substrate. Thus, 
I decided to do a study on the way to enhance the adhesive properties o f  AAO substrates 
so it can withstand forces created by the XEIOO. Figure 4.3 shows an example o f the 
crack made by the XEIOO on the samples.
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Figure 4.3; A cracked Substrate sample
4.4 Experimental Procedure
First o f  all, the alumina substrate must be dipped in distilled water beaker as to 
make sure that all the impurities are washed away. The anodization apparatus is quiet 
easy and inexpensive to build. Figure 4.4. shows a schematic o f  the anodizing apparatus 
that has been built.
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Figure 4.4; The anodization setup used
Fig. 4.5 shows the anodization apparatus used throughout this paper. A beaker 
filled with acidic solution is cooled by the aid o f a chiller. Two pairs o f  electrode is 
dipped in this beaker. A platinum substrate is installed on the cathode and the substrate to 
be ionized on the anode. Both sides are connected to power supply. The current is 
monitored with the aid o f the Lab VIEW  software.
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Figure 4.5: The anodization apparatus used throughout this paper
The power supply in use can give a voltage up to 180 V. The power supply is 
manufactured by Keithley and it is highly reliable power supply with a relative error in 
reading o f  1%. Fig. 4.6 will show this power supply.
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Figure 4.6: The power supply used to anodize the alumina substrate
An alumina sample must be placed on the anode and a platinum substrate is 
placed in the cathode. Both electrodes are depicted in a beaker filled with acid. The acid 
varies from oxalic to phosphoric to sulfuric, etc. The alumina substrate to be anodized is 
a square with a side length o f  1 cm. Also, the platinum substrate is a square with same 
dimensions. The electrodes are connected to a power supply that will supply a constant 
voltage. This voltage varies from 30V to 120V based on the acid used. The acid must be 
maintained at room temperature so a chiller must be installed. The chiller will aid in 
cooling the acid within the apparatus by convection means (Jessenky et al 1998, 
Haruyama et al 2001, Zhou et al 2001, and Choi et al 2003).
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4.5 Scratch Test Procedure 
To investigate the adhesive properties o f  the alumina thin films, scratch tests were 
performed using a nano-scratch tester instrument manufactured by M icro photonics Inc. 
The scratch test is carried out by the generation o f scratches on the film surface using a 
spherical stylus (Rockwell C Diamond, tip radius 2 pm). The stylus is drawn at a constant 
speed across the sample under either constant or progressive loading at a fixed rate. For 
progressive loading, the smallest load at which appreciable failure occurs on the sample 
is called the critical load. For constant loading, the critical load corresponds to the load at 
which a regular occurrence o f  such failure is observed along the track. Scratch test is 
basically a comparison test and the critical load depends on the mechanical strength 
(adhesion and cohesion) o f a coating to the substrate. The critical load depends on 
parameters that might be directly related to the test itself like the loading rate, scratching 
speed and indenter tip radius, indenter material. It also depends on the coating substrate 
parameters that include the substrate hardness and roughness, coating thickness and 
roughness, friction coefficient between coating and indenter and internal stresses in the 
coating. A scanning force microscopy is used to obtain high resolution images in three 
dimensions and the quantitative lateral and depth measurements can be obtained in the 
scratched portions. These images can be used to investigate the surface morphology and 
roughness before and after the tests. The tangential force recording enables the 
measurement o f variations in force fluctuation along the scratch path. The pre-scan 
recoding on the sample is done to include the effects o f non-uniformity in sample 
flatness, where the penetration depth is measured during the test. The post scan reveals 
the elastic recovery o f the coating-substrate residue by providing the scratch path profile.
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4.6 Results and Discussion
During anodization (while maintaining a constant current), the voltage cross the 
electrodes will increase from zero to a peak. Then, it will drop slightly since the ions 
within the acidic solution are consuming this voltage to anodize the alumina layer. Then 
the process continues until the outer layer o f alumina is completely anodized. After that a 
potential difference will built between the opposite electrodes.
This phenomenon is studied in fig. 4.5. Three different samples are considered. 
We are going to use the same acid (phosphoric acid with 5% concentration). Three 
different current values are going to be considered: 10 mA (represented by the dotted 
line), 25 mA (represented by the dashed line), and 36 mA (represented by the solid line). 
The voltage change across the electrodes is plotted vs time. It is clear that as the current 
increases, the substrate will be anodized faster. The current flowing through the acidic 
solution will enhance its ionization. The more ions we have in the solution, the more 
efficient the anodization process will be. It is clear that as the current increases, the 
anodization process will be more rapid. Also, as the current increases, the peak o f the 
voltage will be higher. This is due to O hm ’s first law which states that the voltage and 
current are directly proportional. Thus, it is clear that as we decrease the current, the time 
to anodize the substrate will increase. Obviously, as time increases, the mechanical 
properties o f  the substrate will be enhanced. Based on this, it could be said that to 
enhance the substrate’s resistivity to adhesive forces then we should use high current 
values.
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Figure 4.7: The potential differenee aeross the electrodes
To further investigate the effeet o f both the eurrent applied and the aeid used in 
anodization and on the adhesive properties o f the materials, I did nine different tests with 
nine different scenarios. Table 4.1 shows these scenarios, the numbers represent the 
seenario number.
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Table 4.1: The nine different scenarios to be studied
10 mA 25 mA 36 mA
Oxalic Aeid 1 2 3
Phosphoric aeid 4 5 6
Sulfuric Aeid 7 8 9
After anodization, the samples were sent out to be tested. The test setup is 
described above. Figure 4.8 shows the principle behind the testing apparatus.
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Figure 4.8: The principle behind the testing apparatus.
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Table 4.2 shows the limiting foree at whieh the sample failed. The numbers 
represents the average magnitude o f the force and the standard deviation as well.
Table 4.2: The ultimate force corresponding to different scenarios
Sample Failure (mN)
1 464.7
2 58T2
3 591.2
4 716.9
5 52&2
6 572.7
7 3 8 9 ^
8 350.1
9 355.6
Figure 4.9 to figure 4.17 show the scratch test results for the first seenario. The 
normal foree, frictional force, and penetration depth is plotted versus the scratch length 
and the foree applied. The vertical line in the middle represents the length at whieh the 
failure occurs.
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Fig 4.9: The first sample adhesive test results
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Fig 4.10: The second sample adhesive test results
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Fig 4.11: The third sample adhesive test results
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Fig 4.12: The fourth sample adhesive test results
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Fig 4.13: The fifth sample adhesive test results
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Fig 4.14: The sixth sample adhesive test results
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Fig 4.15; The seventh sample adhesive test results
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Fig 4.17; The ninth sample adhesive test results
It is clear from the above figures and from table 4.2 that for the same acid used, as 
the current increases then the substrate will have higher adhesive properties. This is 
because as the current increases, the electrons available to anodization are more.
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Also, for the same applied current, it is clear that oxalic acid is the best choice for 
anodization as to improve the adhesive properties o f AAO samples. This is because the 
chemical structure o f oxalic acid allows the electrons to be transferred on higher rates. 
Scenario four doesn’t seem to be a bad sample so no information can be deduced from it.
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK
LOC is a promising technology. Its applications are traced in different fields: 
chemical, mechanical, bioengineering, and sensor development. Its importance lies in the 
fact that: it is convenient, efficient, inexpensive, easily operated, and highly reliable.
Despite o f  these advantages, LOC technology faces two important drawbacks. 
These drawbacks could greatly retard any advancement in this field.
Initiating a flow in microchannels is one o f these drawbacks since a massive 
pressure gradient is required. One o f  the means used to create such a pressure gradient is 
RedOx MHD. M any researches tried to model the RedOx MHD mathematically. In the 
presented research, the 3D RedOx model was discussed and analyzed. A full 
mathematical model was investigated and the inter relationship between different 
physical variables is studied. Also, a closed form solution that relates the mean velocity 
to the different physical quantities and to the dimensions o f  the channel was derived. This 
closed form solution will be a vital tool for designers in the future. In addition to the 
above, the material used in the fabrication o f the LOC must be highly reliable and can 
resist huge forces especially in nano channels. Anodized nanoporous alumina substrate is 
one o f these materials. In this dissertation, a study o f its adhesive properties was
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performed. The different variables that contribute in the fabrication and anodizing 
process are further investigated. The contribution o f these materials to the adhesive forces 
is mentioned.
5.1 Conclusions
In this dissertation, many important conclusions were drawn. Those conclusions 
are mentioned below:
W hen the applied potential difference is low, the resulting current transmitted 
through the electrolyte nonlinearly increases with the potential difference. Once the 
potential difference exceeds a certain value, the current reaches the value o f the limiting 
current and becomes saturated. The magnitude o f the limiting current is, among other 
things, a function o f the concentration o f  the RedOx species, strength o f  the magnetic 
flux density, the dimensions o f  the electrodes and the channel, and the diffusion 
coefficients o f the electroactive species. The theoretical predictions o f the full 
mathematical model agree with the experimental data obtained from the literature.
Similar to the relationship between the current and the potential difference, the 
averaged velocity o f the induced MHD flow nonlinearly increases with the applied 
potential difference when the latter is low. Above a critical value, the fluid’s motion is 
independent o f the applied potential difference. It is desirable to maintain a potential 
difference close to the critical value so as to maximize the flow rate.
Also, the average velocity linearly increases with the increase o f  the current for 
different concentrations o f the RedOx species, various magnetic flux densities, and 
dimensions o f the channel.
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When the concentration o f  the RedOx species is low, the effect o f  the magnetic 
flux density on the limiting current is insignificant. For higher concentration o f  the 
RedOx species, the limiting current increases with the magnetic flux density.
As the magnetic flux density increases, the induced flow increases due to the 
enhancement o f both the Lorentz force and the resulting current. For low concentration o f 
the RedOx species, the average velocity corresponding to the limiting current linearly 
increases with the magnetic flux density. For higher concentration o f the RedOx species, 
the maximum average velocity nonlinearly increases with the magnetic flux density.
For the same physical conditions and for negligible pressure drops, the mean 
velocity will increase aggressively as the aspect ratio increase until it reaches the 
maximum corresponding to aspect ratio o f one then it will decline slowly as the aspect 
ratio increases.
W hen there is a pressure drop, the flow will increases as I and AP increases. The 
increase wrt I is more rapid than the increase wrt to AP. The flow will be zero subjected 
to the relation presented in (23).
In AC MHD flows, the time averaged velocity will increase as the pressure drop 
increase whilst it will have a sinusoidal form when the phase angle changes. The flow 
will drop to zero when correlation (24) is valid.
It is important to mention that the closed form solution presented will be useful
for the design and optimization o f both AC and DC MHD microfluidic devices.
Moreover, the model allows one to test quickly and cheaply the effects o f all
contributing parameters and operating conditions on device’s performance. Also, it will 
reduce the time for numerical analysis since there will be no need to solve for the
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differential Navier Stoke’s equation.
AAO nano channels were studied thoroughly as well. Those conclusions about its 
adhesive properties were drawn:
It was found out that as the anodizing current increases the AAO will tend to have 
higher adhesive properties. Also, it was found out that oxalic acid is the best acid to 
enhance the strength o f the AAO substrate.
5.2 Future Work
Despite all the advantages o f RedOx MHD, there are still some problems in it. 
One o f them is the bubble creation under high current flows. This occurs due to the fact 
that the electrolyte solution within the channel will go through intensive electrolysis 
process and thus bubbles will be created. Bubble creation will retard the flow within the 
channel. The other one is the corrosion o f  the electrodes installed within the channel.
Also, in some LOC applications two phase flow will be encountered such as 
circulating a blood sample within a microchannel. Knowing that the physical properties 
o f blood are different from that o f the electrolyte solution, it will be o f great importance 
to study the effect o f RedOx MHD on two phase flow. A 3D RedOx MHD mathematical 
model must be developed for this kind o f  flow. The flow must be studied in depth and 
different contributing parameters should be investigated. In addition to that, an intensive 
design procedure for RedOx MHD micropumps must be developed. The new design must 
take into consideration the results presented previously.
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The adhesive properties o f Anodized alumina substrate play an important role in 
the manufacturing o f any LOC. After studying those properties and their relationship 
with the contributing variables in the anodization setup, a highly reliable LOC with 
strong adhesion properties must be designed. A single nanopore should be manufactured 
on a strong substrate that can resist adhesive and normal forces.
This single nanopore must be charged and it must be used as a DNA detection 
sensor. DNA samples will be circulated through those substrates and since both the 
substrate and the DNA are charged, any increase in current flow between opposite sides 
o f the channel will be detected. As, a result DNA presence will be detected.
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